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American  National  Standard 

An American National Standard implies a consensus of those substantially concerned with its scope 
and provisions. An American National Standard is intended as a guide to aid the manufacturer, the 
consumer, and the general public. The existence of  an American National Standard does not in any 
respect preclude anyone,  whether he has approved  the standard or not, from manufacturing, market- 
ing, purchasing, or using products, processes, or procedures not conforming to the standard. Amer- 
ican National Standards are subject to periodic reviews  and users are cautioned to obtain the latest 
editions. 

CAUTION NOTICE: This American National Standard may  be revised or withdrawn at any  time. 
The procedures of the American National Standards Institute require that action be  taken to reaf- 
firm, revise, or withdraw this standard no later than  five  years from the date of publication. Purchas- 
ers of American National Standards may receive current information on all standards by calling or 
writing the American National Standards Institute. 

Authorization to photocopy portions of  any individual standard for internal or personal use is 
granted by the Institute of Electrical and Electronics Engineers, Inc.,  provided that the appropriate 
fee is paid to Copyright Clearance Center. To arrange for payment of licensing fee, please contact 
Copyright Clearance Center, Customer Service, 222 Rosewood  Drive,  Danvers, MA 01923 USA; 
(978) 750-8400. Permission to photocopy portions of  any individual standard for educational class- 
room use can also be obtained through the Copyright Clearance Center. 
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Introduction 

[This introduction is not part of ANSI  C63.5-1998, American National Standard  for  Electromagnetic  Compatibility- 
Radiated  Emission  Measurements  in  Electromagnetic  Interference  (EMI) Control-Calibration of Antennas  (9  kHz  to 
40 GHz)]. 

ANSI C63.4-1992, American National Standard for Methods of Measurement of Radio-Noise Emissions 
from Low-Voltage Electrical and Electronics Equipment in the Range of 9 kHz to 40 GHz,  has  undergone 
several revisions since the original document  covering  methods of measurement was  produced in 1940. 
Although many improvements were made in the standard from time to time, the reproducibility of measure- 
ments of radiated interference from one test site to another has  not  been completely satisfactory. 

In 1982 a concerted effort was  organized  in Subcommittee One  of the Accredited Standards Committee C63 
to determine how the technique could  be  improved. Evidence showed that the variability  was due, in part, to 
inadequate (a) control of site ground plane conductivity,  flatness, site enclosures, effects of surrounding 
objects, and certain other site construction features, (b) accounting for antenna factors, associated cabling, 
and balun and device under  test characteristics, and (c) consideration of mutual coupling effects between the 
device under test and the receiving antenna and their images in the  ground  plane.  Accordingly, ANSI C63.4 
has been revised, and ANSI standards C63.5, C63.6,  and  C63.7  were prepared to provide additional informa- 
tion. This standard provides methods of calibration of antennas for use  on the test site. 

In 1993 a concerted effort was  begun to bring the Standard Site Method of ANSI  C63.5 into CISPR as the 
method of antenna calibration to be used in CISPR  Publication 16. During  the ensuing discussions, it 
became apparent that several features of ANSI C63.5 were  not acceptable to the international community. In 
particular, calibration measurements at  3  m were unacceptable.  Furthermore,  while ANSI (263.5 recom- 
mends that only horizontal polarization  be  used for antenna calibration, it included information on calibra- 
tion using vertical polarization. This was considered ambiguous  and unacceptable by CISPR Subcommittee 
A. During the  use of ANSI C63.5  over the last several years a  number  of errors were discovered and these 
needed to be corrected. ANSI standards C63.2  and  C63.4  specify antennas from 9 H z  to 30 MHz  and from 
1000 MHz to 40 GHz for which no calibration procedure was  available in ANSI (263.5. Accordingly, ANSI 
C635 has been revised to eliminate those features that  the international community found objectionable, and 
thus provides harmonization with international standards while  allowing  a US National deviation from those 
standards. This revision corrects errors which  use of the standard has  shown,  and extends it to  cover  all of the 
antennas specified in ANSI standards C63.2 and (33.4 from 9 kHz to 40 GHz. 

Participants 

At the time that the Accredited Standards Committee on Electromagnetic Compatibility, C63, approved  this 
standard, it had  the following membership: 

Ralph M. Showers, Chair Edwin L. Bronaugh, Vice Chair 
Patricia Gerdon, Secretariat 

Organization Represented Name of Representative 

Aeronautical  Radio, Inc. (ARINC). ........................................... Dan Martinec 

Alliance for Telecom. Industry Solutions. ..................................... John F. Lichtig 
American Automobile Manufacturers Association .............................. Terry Rybak 

American Council of Independent Laboratories ................................ Ross A. Hansen 

American Radio Relay League .............................................. Hugh Turnbull 

Association of American Railroads. .......................................... Chris Allman 

Paul  Prisaznuk (Alt.) 

Barbara Wendling (Alt.) 

Walter Poggi (Alt.) 

Edward F. Hare (Alt.) 
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Association of Telecommunications Attorneys. ................................. Glen Dash 

AT&T .................................................................. KeithPeavler 
ESD  Association. ......................................................... Douglas C. Smith 
Federal Communications Commission ....................................... L. Art Wall 

Food and Drug  Administration. ............................................. Jon Casamento 

Hewlett-Packard ......................................................... Ray  Magnuson 
Information Technology Industry Council ( In) .  ................................ William T. Rhoades 

John Godfrey (Alt.) 
Institute of Eledrical  and Electronics Engineers, Inc. ........................... Edwin L. Bronaugh 

Donald N. Heirman 
Nestor Kolcio 

Lucent Technologies-Bell Labs. ............................................ H. Robert Hofmann 
Steven M. Crosby (Alt.) 

National Association of Broadcasters. ........................................ Kelly Williams 
National Electrical Manufacturers Association. ................................ William J. Murphy 

National Institute of Standards and Technology. ............................... Motohisa Kanda 
Oklahoma University Center for the Study of Wireless EMC ..................... Hank Grant 

Donald Heirman (Alt.) 
Radio Shack Engineering .................................................. Dwayne Campbel 

Joel Guskin (Alt.) 
Siemens ROLM Communications. ........................................... H. Stephen Berger 
Society of Automotive Engineers (Aerospace) .................................. Herbert K. Mertel 
Society of Automotive Engineers (Land Vehicle). ............................... Pou1 Andersen 
Southwest Research Institute. .............................................. James J. Polonis 

Telecommunications Industry Association. .................................... Eric J. Schimmel 
TWProductService ...................................................... DanielD.Hoolihan 

Tim O'Shea (Mt.) 
Underwriters  Laboratories. ................................................ Willard Tuthill 

Corey Hyatt (Alt.) 
Unisys Corporation. ...................................................... Wallace Amos 

John Baumeister (Alt.) 
UsAirForce ............................................................. JohnZentner 

Dennis Baseley (Alt.) 
US Dept. of Energy-Oak Ridge National Laboratory ........................... Paul Ewing 

Richard A. Hess (Alt.) 
US Dept. of  Energy-Westem Area Power Administration ....................... Scott E. Johnson 
US Dept. of the Navy, Space and Naval Warfare Systems Command ............... Marcus Shellman 
US Dept. of Transportation "Federal Aviation Administration ................... Robert Frazier 
Violette Engineering ...................................................... J. L. Norman Violette 

WIN Forum AT&T Systems ................................................ Anatoly Tsaliovich 
Members-at-Large ........................................................ Ralph Calcavecchio 

Vernon  L. Chartier 
Arthur  Heath Light 
John D. Osburn 
Werner Schaefer 
Ralph M. Showers 

Jon Curtis (Alt.) 

Thomas Phillips (Alt.) 

Jeffrey L. Silberberg (Alt.) 

Kenneth  Gettman ('t.) 

William E. Cory (Alt.) 

Michael F. Violette (Alt.) 
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At  the time that the Accredited  Standards Committee C63 approved this standard,  Subcommittee  One, the 
Committee that prepared this  standard, had the following membership: 

Donald N. Heirman, Chair 

Stephen Berger 
Steve  Bloom 
Colin  Brench 
Edwin L. Bronaugh 
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Harry H. Hodes 
H. Robert Hofmann 
Daniel D. Hoolihan 
William  Hurst 

Corey  Hyatt 
James  Klouda 
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Victor  Kuczynski 
Arthur H. Light 
Siegfried Linkwitz 
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Herb  Mertel 
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John  Osburn 
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At the time this standard  was  approved,  members of the Task  Group on Methods of Calibration of Antennas 
were  as  follows: 

Edwin L. Bronaugh, Chair 

Donald N. Heirman 
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Daniel D. Hoolihan 

Siegfried Linkwitz 
John  Osburn 
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American  National  Standard  for 
Electromagnetic  Compatibility- 
Radiated  Emission  Measurements in 
Electromagnetic  Interference (EMI) 
Control-Calibration of Antennas 
(9 kHz to 40 GHz) 

1. Scope 

This standard provides methods for determining antenna factors of antennas  used for radiated emission mea- 
surements of electromagnetic interference (EMI) from 9 kHz to 40 GHz. Antennas included are linearly 
polarized antennas, such as loops, rods (monopoles), tuned dipoles, biconical dipoles, log-periodic dipole 
arrays, broadband horns, etc., that are used in measurements  governed by ANSI C63.4-1992. The methods 
include standard site, reference antenna, equivalent capacitance substitution, standard transmitting loop, 
standard antenna, and standard field  methods. The latter three methods are incorporated by reference in 4.4. 

Harmonization of this standard with international standards is achieved by providing two sets of measure- 
ment geometries in the 30 MHz to 1000 MHz  frequency  range.  One set of one measurement geometry is 
provided for calibrations to meet international requirements, and one set of four measurement geometries is 
provided for calibrations to meet US domestic requirements. The international measurement geometry and 
one of the four domestic measurement geometries are identical. The international geometry is the preferred 
calibration measurement geometry. 

2. References 

The following references shall form a part of this standard to the extent referenced. When  the standards 
referred to in this standard are superseded by a  revision, the revision  shall  apply. 

ANSI C63.2-1996, American National Standard for Electromagnetic Noise  and Field-Strength Instrumenta- 
tion, 10 kHz to 40 GHz-Specifications.l 

‘ANSI C63 publications are available from the Institute of Electrical and Electronics  Engineers, 445 Hoes Lane, P.O. Box 1331, Piscat- 
away, NJ 08855-1331 USA. 
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ANSI C63.4-1992, American National Standard for Methods of Measurement of Radio-Noise Emissions 
from Low-Voltage  Electrical  and Electronic Equipment  in the Range of 9 kHz to 40 GHz? 

ANSI C63.6- 1996, American National Standard Guide  for the Computation of Errors in Open-Area Test Site 
Measurements. 

ANSI (263.7-1992, American National Standard Guide for Construction of Open-Area Test Sites  for Per- 
forming Radiated Emission Measurements. 

ANSI C63.14-1998, American National Standard Dictionary for Technologies of Electromagnetic Compati- 
bility (EMC), Electromagnetic Pulse (EMP),  and  Electrostatic Discharge (ESD). 

ANSI/NCSL 2540-1-1994, American National Standard for Calibration-Calibration  Laboratories and 
Measuring and Test Equipment-General  Requirements3 (DoD has withdrawn  MIL-STD-45662A and 
directed  the use of ANSI/NCSL 2540-1-1994 instead.) 

IEEE Std 100-1996, IEEE Standard Dictionary  of  Electrical and Electronics Terms: 

IEEE Std 149-1979 (Reaff 1990), IEEE Standard Test Procedures for Antennas. 

IEEE Std 291-1991, IEEE Standard Methods for Measuring Electromagnetic Field Strength of Sinusoidal 
Continuous Waves, 30 Hz  to 30 GHz. 

3. Definitions 

The following definitions  apply  specifically  to  the  subject  treated in this standard. For additional definitions, 
see ANSI C63.14-1992 and IEEE Std 100-1996. 

3.1 ambient  level. The values  of  radiated and conducted signal  and noise existing at a specific  test location 
and time when the test sample is not  activated. 

3.2 antenna  factor. Quantity relating the strength of the field  in  which the antenna is immersed to the output 
voltage across  the load connected to the antenna. (Antenna factor is independent of measurement geometry. 
Antenna is aligned with  field  polarization.) 

3.4 ground plane. A conducting surface or plate  used  as a common reference point for circuit returns  and 
electric  or signal  potentials. 

3.5 ideal site. A test site on which  the  reflective surface is flat  and has infinite conductivity and size, 

3.6 normalized  site  attenuation (NSA). Site attenuation divided by the antenna factors  of the radiating  and 
receiving antennas (all in linear units). 

2Compliant  with Part 15 of the  FCC  Rules  and  Regulations. 
3NCSL  standards are available from National  Conference  of  Standards  Laboratories,  1800  30th  Street,  Suite  305B,  Boulder, CO 80301 
USA. 

"'"he  magnitude of the  ratio of the  field  strength of an incident  CO-polarized  plane  wave to the  voltage  developed  across a specified 
impedance  terminating the antenna  output  port,  when  the  antenna is located  in free space." (See Goedbloed  [B7].) 

2 Copyright O 1998 IEEE. A l l  rights reserved. 
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3.7 radiated  emissions  test  site. A site meeting specified requirements suitable for measuring radio interfer- 
ence fields radiated by  a device, equipment, or system under  test. 

3.8 radio noise. An electromagnetic noise that may be  superimposed  upon  a  wanted signal and  is  within the 
radio-frequency range. For the purposes of this standard, an electromagnetic disturbance of a sinusoidal 
character is also considered radio noise. 

3.9 random  noise. Noise that comprises transient disturbances occurring at random. 
NOTE-The part of the noise that  is unpredictable except in  a statistical sense. The term is most frequently 
applied to the limiting case where the number of transient  disturbances per unit time is large, so that the 
spectral characteristics are the same as those of thermal  noise  (thermal noise and shot noise are special cases 
of random noise). 

3.10 site  attenuation. The ratio of the  power input to a  matched,  balanced, lossless tuned dipole radiator to 
that at the output of  a similarly matched, balanced, lossless tuned dipole receiving antenna for specified 
polarization, separation, and heights above a flat,  reflecting  surface. 

3.11 standard  antenna  calibration  site. A site comprised of a flat, open-area, devoid of nearby scatterers 
such as trees, power lines, and fences, that has a large metallic ground  plane. The ground plane should be as 
large or larger than the first Fresnel ellipse and meet the Rayleigh  criterion  (see ANSI C63.7-1992). The 
clear area (sometimes referred to as the obstruction-free area) should  be as large or larger than the third 
Fresnel ellipse (see ANSI C63.7-1992). 
NOTE-A 10-meter test site that is weather-protected or installed in  a suitable absorber-lined chamber may 
be used  if it can be shown  that the effects of the chamber  or  weather  protection are insignificant. 

4. General test  conditions 

This standard provides for “free-space” antenna factors that  can  be  used for either vertically or horizontally 
polarized measurements at distances from the equipment under test (EUT) of 3  m or more. The general test 
conditions for antenna calibration are described in 4.1 through 4.4. 

4.1 Measurement  geometry 

Accurate antenna calibration requires some restrictions on measurement  geometry. The antenna separation 
distance R shall be great enough to ensure that  near-field effects and antenna-to-antenna mutual coupling 
effects are minimized. Antenna heights (hl,  hz) shall be great enough to minimize antenna-to-ground plane 
mutual impedance and to ensure negligible  contribution from the surface wave component of the ground- 
wave. 

When  tuned dipoles are calibrated using the methods in this standard, they  shall  be calibrated at separation 
distances R equal to or greater than 10 m  and at heights equal to or greater  than  2 m. The separation distance 
R between log-periodic array  antennas is measured from the  projection onto the  ground plane of the mid- 
point of the longitudinal axis of each antenna. 

4.2 Test  instrumentation 

Signal generators and power  amplifiers shall have  a 50 0 output impedance. Radio noise meters, spectrum 
analyzers, other tuned  voltmeters,  and  preamplifiers shall have  a 50 S2 input impedance. Refer to ANSI 
C63.2-1996 for radio noise meter specifications. 

An impedance mismatch at the output of signal sources or at  the input of voltmeters  may result in reflections 
that could cause antenna factor measurement errors. This should  be  avoided by the use of high-quality 

Copyright O 1998  IEEE. All rights reserved. 3 
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padding attenuators of 10 dB-one  at the output end of the transmitting cable and one at the voltmeter input. 
The signal sources should provide sufficient power to produce a signal at least 10 dB above the ambient and 
equivalent receiver noise at the receiver input.  Preamplifiers  may  be  used at the voltmeter input to meet this 
requirement. The source power and preamplifier  gain requirements shall depend upon voltmeter/preamplifier 
sensitivity, antenna factors, cable losses, and measurement distance. It  is preferable to use preamplifiers at 
the voltmeter input rather than  power  amplifiers at the source output. This will improve the signal-plus-volt- 
meter-noise-to-voltmeter-noise ratio, while minimizing the  potential for interference with susceptible equip- 
ment or licensed radio services in  the  vicinity of the test area. 

Signal generators, antennas, and  receiving equipment (voltmeters and preamplifiers) shall be calibrated at 
regular intervals. Calibration shall include amplitude uncertainty?  frequency  uncertainty, drift, and sensitiv- 
ity, where applicable. Effects of drift, especially during the measurement time, shall be compensated or cor- 
rected. These calibration standards shall be traceable to a national standard. An example of an acceptable 
program for calibration of instrumentation can be found in ANSI/NCSL 2540-1: 1994. 

4.3 Antenna  factors 

Individually measured antenna factors in the frequency range of 30 MHz  to 1000 MHz, which are measured 
by these procedures, are capable of producing uncertainty  values  within +1 dB from 30 MHz to 800 MHz, 
and within k1.5 dB from 800 MHz to 1000 MHz. The user  should  verify that manufacturer-supplied antenna 
factors are based on individual calibrations of that specific antenna and  that  they are traceable to a national 
standard. 

Antenna factors usually account for losses due to the balun. If a separate balun is used, its effects shall be 
measured or otherwise accounted for and included with the data to ensure that the user understands how  any 
such separate balun is to be  used  and  how its effects are to be  accounted  for. If the measured antenna factors 
are adjusted to correct for fixed-length cable losses, this shall be  clearly stated in the antenna-factor data sup- 
plied to the user. 

Experience has shown  that variations of antenna factors with measurement geometry and polarization are 
negligible for electrically small antennas, provided that the antennas are well  balanced. This includes the 
types of broadband antennas commonly  used for EM1 measurement from 30 MHz to 1000 MHz when used 
in the geometries recommended  in ANSI C63.4-1992. Antenna factor variations  may  be caused by the use of 
unusual measurement geometries or mutual coupling, and measurement errors may be caused by poor bal- 
ance and transmission line scattering for vertically  polarized  antennas. The antenna factors may be measured 
for a particular antenna as stated in 4. l. For  this procedure, antenna height  and  pattern  variation of less than 
+1 dB are considered acceptable, and the measured antenna factors are considered independent of those two 
parameters; hence, they are considered "near free space" antenna factors. 

Although not  part  of the antenna calibration procedure, it is prudent to check the balun balance of the 
antenna. To do this 

a) Start by orienting the transmit and receive antennas horizontally  with respect to the ground plane. 
Note the received signal in this position while  keeping the transmit signal constant. 

b) Rotate the receive antenna (the antenna being checked for balance) 90" into a vertically polarized 
position with respect to the  ground  plane.  Note the received signal with the transmit signal continu- 
ing to be held constant. There should be a signal null  in  this position of at least 20 dB. 

c) Next, rotate the  receive antenna to 180". Note  the  received signal. This signal level should be within 
0.5 dB of that in the starting position, i.e., O". 

[B81 and [B91 for definitions and discussions of uncertainty.  Antenna  factor  measurement  uncertainties  are  under  consideration by 
IEUCISPR. 

4 Copyright O 1998 IEEE. All  rights  reserved. 
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d) Next, rotate the receive antenna  to  270" into the vertical position. There  should  be  another signal 
null in this position of at least 20 dB. 

If the nulls are not  found in  the 90"  and 270" positions or the received signals in the O" and  180" positions 
differ by more than 0.5 dB, then the balance of the antenna is inadequate for making  emission  measure- 
ments. The balun  should  be repaired before  proceeding  with calibration and  use of the antenna. 

NOTE--During the entire  procedure, it is important that the receive  antenna feed cable be carefully  arranged  to  keep  the 
cable  orientation  from  causing an apparent  unbalanced  condition. 

4.4 Methods of antenna  factor  determination 

Antenna factors can be accurately calibrated in several ways.  The decision as to whch approach is best in a 
particular case shall be  based  upon the time, instrumentation, and facilities available to the investigator. 

Three  methods are 

- Standard Site Method  (SSM) 
- Reference  Antenna  Method  (RAM) 
- Equivalent  Capacitance Substitution Method  (ECSM) 

These  methods are described in Clauses 5,6,  and 7. The uncertainty of these methods  depends  on the quality 
of the measuring site  for the SSM, the accuracy  with  which the reference antenna in constructed for the 
R A M ,  and the accuracy  with  which the monopole  capacitance is simulated for the ECSM.  The  ECSM shall 
be  used for calibration of rod  (monopole)  antennas  from  9 kHz to 30 MHz for use in the measurements  using 
monopole  antennas in ANSI  C63.4-1992. 

Three additional methods are 

- Standard Field Method  (SFM)  (IEEE  Std  291-1991) 
- Standard  Antenna  Method  (SAM) (Fitzgerrel [B617  Taggart  and  Workman  [B14],  IEEE  Std  149- 

- Standard  Transmitting  Loop  Method (STLM)-a specialized version  of  the  Standard  Antenna 
1979) 

Method  (IEEE  Std  291-1991) 

These  methods are incorporated in this standard by these references. If disagreements arise, the SSM,  ECSM 
and RAM shall take precedence  over the SFM and SAM. The  STLM shall be  used for calibration of loop 
antennas fi-om 9 H z  to 30 MHz for use in the measurements  using  loop  antennas  required  by  ANSI  C63.4- 
1992. 

5. Standard  Site  Method (30 MHz to 40 GHz) 

5.1 General 

The SSM for determining  antenna factors (Smith  [BlZ]) requires a  standard  antenna calibration site. This 
procedure  provides free-space antenna factors that are used  without further correction for emission  measure- 
ments at specified polarizations, distances from the EUT, or heights above the ground plane. 

N-Horizontally  polarized  antennas shall be  at  least  1 m above the ground plane and the lower tips of  vertically 
polarized  antennas  shall  be  at  least 25 cm  above  the  ground  plane. 

7The numbers in brackets  preceded  by  the  letter B correspond to those of the  bibliography  in  Annex F. 

Copyright O 1998  IEEE.  All rights  reserved. 5 

COPYRIGHT Institute of Electrical and Electronics Engineers, Inc
Licensed by Information Handling Services
COPYRIGHT Institute of Electrical and Electronics Engineers, Inc
Licensed by Information Handling Services



STD-IEEE Cb3.5-ENGL L998 4805702 05b3b38  935 
ANSI 
C6351998 STANDARD FOR ELECTROMAGNETIC  COMPATIBILIP(-RADIATED EMISSION  MEASUREMENTS 

Antenna factor calibration errors caused by site anomalies can  only  be detected by measurements on two 
independent sites or on two independent paths  on large sites. For example, two independent 10 m paths can 
be readily accommodated on  a 30 m  test site. 

NO7E-Antennas  used  to  measure  attenuation  of an open-area  test  site  should  not  have  been  calibrated  on  that  same  site 
because  site  imperfections may have affected the  measured  antenna  factors. An exception  may  be  made  in  the case of 
large open-area test sites. On these large sites, antennas may be calibrated on a propagation path, which is independent 
of the path used for EM1 measurements. 

The SSM (based solely on horizontal polarized measurements) provides antenna factor measurements from 
30 MHz to 1000 MHz for both US domestic use and international use. The measurement method is the same 
in both cases, but the geometries are different. For domestic use, measurement distances are 3 m and 10 m, 
transmit antenna heights are 1 m and 2 m, and  receive antenna search heights are from 1 m  to 4 m. For inter- 
national use, the measurement distance is 10 m, the transmit antenna height is 2 m, and the receive antenna 
search heights are from 1 m to 4 m. These dimensions are annotated in  Table 1, which provides values for 
EDmax for all geometries. (Figure 2 provides all measurement geometries.) The international calibration mea- 
surement geometry is the preferred measurement geometry. 

Antenna factors shall only be determined for horizontal polarization on a standard antenna calibration site, 
hereafter referred to as a standard site, using the SSM. This measurement is relatively insensitive to site vari- 
ations for horizontal polarization, and it yields  free-space antenna factors even  though the reflecting plane 
will not create a free-space environment during calibration. Horizontal polarization is preferred for antenna 
calibration because 

a) Mutual coupling between  the antenna and the orthogonal transmission line is negligible 
b) Scattering from the transmission line is negligible 
c) Calculations of the horizontal groundwave  are simpler than calculations for the vertical groundwave 
d)  The surface wave component of the horizontal groundwave  over earth is more tightly coupled to the 

e) The horizontal groundwave is less sensitive to differences in surface conductivity and permittivity 

f) Ground screen edge reflections are smaller for horizontal polarization 

surface 

than the vertical wave 

Certain antennas, for example, electrically small antennas, biconical dipoles, broadband dipoles, log-peri- 
odic arrays designed for use above approximately 100 MHz, and  horn antennas designed for use above 
1 GHz, have antenna factors that are independent of height  and  polarization  if  they  are at least 1 m above the 
ground plane. It is unnecessary to calibrate standard gain  horn antennas for use above 1 GHz; rather, they are 
used as gain standards to calibrate other antennas (see  12.3.1 of EEE Std 149-1979). 

NOTE-Certain  studies (Stecher [B13], Austin and  Fourie [Bl]) have shown a small height dependence in some  wire- 
cage biconical antennas above  about 200 MHz. 

6 Copyright O 1998  IEEE. All  rights  reserved. 
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IN EM1 CONTROL-CALIBRATION OF  ANTENNAS (9 kHz to 40 GHz) 

Table  I-Tabulations of ¡EDrnax and 1 and 2-m source  antenna heights 
(Including  dipole  and  log-periodic  array  antennas  above 1000 MHz) 

aFor  domestic (USA) use for broadband  antennas. 
%or domestic  use for all  antennas. 
‘For international use for all  antennas,  and  domestic  use for tuned dipoles. 

ANSI 
C63.5-1998 
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MeasurementAl  Measurement A2 Measurement A, 

Antenna 2 Antenna 3 Antenna 3 

/ / / / / / / / / / Y /  / / / / / / / / / / / I  / / / / / / / / / / / /  

ER+ FR+  FR+ 
Figure  l-Three  insertion loss measurements  using 

three  different  antennas  in  pairs 

5.2 Description of method 

The SSM requires three insertion loss measurements under identical geometries (h l ,  h2, R)  using three dif- 
ferent antennas taken  in pairs, as shown in Figure 1. The three equations associated with the three insertion 
loss measurements are Equations (l), (2), and (3). 

(All equations in dB) 

where 

EDmax is the  maximum  received  field at separation distance R from the transmitting antenna, shown in 
Tables 1 and 2,  in dB(pV/m). (See Smith [B121 and  Annex A.) 

AF,,  AF2, AF3 are the antenna factors of antennas 1,2, and 3 in dB(l/m). 

A,,  A,,  A3 are the measured insertion losses in dB. (See Figure 1.) 

fM is the frequency in MHz. 

Solving Equations (l), (2), and (3) simultaneously gives the desired expressions for the antenna factors in 
terms of the groundwave field strength term and  measured insertion losses.  They are as follows: 

AF3 = 10 logfM - 24.46 + 1/2 [EDm +A2 + A3 -A l ]  (6) 

8 Copyright O 1998  IEEE.  All rights reserved. 
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If two identical antennas are to be calibrated, their antenna factor, AF [dB( Um)], can be obtained from a sin- 
gle insertion loss measurement, A (dB), using the following  expression: 

AF = 10 lOgfM - 24.46 + 1/2 [EDmm +A] (7) 

In practice, two antennas are never identical, and the antenna factor calculated by Equation (7) is the geo- 
metric mean of the individual factor for each of the two  antennas.  Certain antennas can  be constructed to be 
so nearly identical that their factors are different by much less than  the measurement uncertainty.* 

If two antennas are to be calibrated and the antenna factors of  one are known,  use  Equation (8). 

where AF2 is the known antenna factor. 

NCWE-The uncertainty of antenna factors determined by the SSM from  Equations (4), (5), (6), (7), and (8) depends  on 
the uncertainty  of the insertion loss measurement.  Measurement  uncertainty  refers  to  the  uncertainty  of  the  instrumenta- 
tion  calibration and stability  during  the  measurements,  and how  carefully  the  measurements are made. 

Insertion loss measurement errors in Equations (4) through (7) can  be minimized by judicious selection of 
the measurement method since insertion loss is just a measure of the ratio Vdhct : vsite,  where Vdhct is the 
voltmeter input voltage  when the signal generator and  voltmeter are connected directly together through the 
transmission lines and attenuators, and Vsite is the  voltmeter input voltage  when the signal generator is con- 
nected to the transmitting antenna and  the  voltmeter  is  connected to the receiving antenna. Recommended 
methods for discrete and swept frequency insertion loss measurements are identical to the methods for nor- 
malized site attenuation measurements given  in  ANSI C63.4-1992, except that antenna factors are not sub- 
tracted. The term insertion loss is used  to  clearly separate the antenna factor measurement procedures from a 
similar site attenuation measurement procedure described in ANSI C63.4-  1992. 

Scanning of the receiving antenna height h2 is a practical requirement that eliminates the sensitivity of mea- 
surement to nulls. (The large spatial rate of change of the field  in the region of a null  can result in large mea- 
surement errors from small errors in antenna positioning.) Fixed  receiving antenna heights may be used for 
geometries and frequencies where  nulls are absent. Antenna separation of 10 m is  recommended for antenna 
calibration measurements. Values  of for some  typical geometries over metal ground planes are given 
in  Table 1. (See also ANSI C63.4-1992.) See Smith [B121 for values  over earth. Broadband  horn antennas 
are calibrated using the same method  with  the  exception  that  height search is  not  necessary  in geometries in 
which the ground  reflection  point is not  within  the  beams of the  antennas.  Horn antennas should be cali- 
brated at a distance equal to or greater  than R = 2D2/h; horn antennas shall not  be calibrated at a distance less 
than R = 0..5D2/h. D is the largest linear dimension of the aperture of the antenna and h is the wavelength at 
the frequency being considered, both in meters. 

5.3 Measurement procedures 

Two measurement procedures may be used to determine insertion loss-a discrete  frequency method and a 
sweptfi-equency  method. The discrete frequency  method requires a signal generator and radio noise meter or 
spectrum analyzer, and  may  be  used  with  broadband or tunable antennas. The swept frequency method 
requires a tracking generator and automatic spectrum  analyzer, or other automatic measuring equipment, and 
may be used only with broadband antennas. 

NOlE-For  both  methods, an impedance mismatch at the  output of the  signal  source  or  at  the input of the radio noise 
meter  or  spectrum  analyzer  may  result in reflections that could  cause  errors. This should  be  avoided by using  high qual- 
ity padding  attenuators of 10 dB:  one  at  the  output  end of each  transmitting  and  receiving  cable.  These  attenuators shall 
remain in the cables  for  both V,,, and Vsite measurements. See ANSI C63.4-1992. 

'See the decription of the reference antenna described in 6.2 of this standard. 
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5.3.1 Discrete  frequency  method 

For  the  discrete frequency  method, specific frequencies (given in Table 1) are measured in turn. At  each fre- 
quency, the receive antenna is scanned  over the height  range  given in the appropriate table to maximize the 
received signal. These  measured  parameter  values are inserted in Equations (4), ( 9 ,  and ( 6 )  to obtain the 
measured  antenna factors. Refer to Figure 2 for the measurement  geometry.  For  horn antennas, the fre- 
quency range  in Table 2 is measured at the specific frequencies given in the note  below the table. Both the 
transmit  and receive antennas are operated at fixed  equal heights of 2 m or more. 

/ 

/ I  I 
I 

I Maximize 
1 h2 Received 

/ /  / / / /  / / / /  / /  

VI held  constant  Separation  (see  Table 1) 

NOTE"Signal cables  shall  be  dressed  straight  back from the  antenna  connector  at  least 1 m before  being  dressed  verti- 
cally  down  to  the  ground  plane.  Signal  cables  that  are  dressed  orthogonally  to  the  antenna  elements  will  have  minimal 
coupling to the  antenna  field, but the cable shields may carry external currents caused by balun imperfections. Also, por- 
tions  of  the  cables  that  are  not  straight  down  or  straight  back  will  couple  to  the  antenna  fields. See [B21  and  [B31  for  fur- 
ther discussion of these  effects. 

Figure  2-Insertion loss (horizontal  polarization) 

Table  2-Tabulations of EDmax for  horn  antennas 
(no  ground  reflections) p 

h, meters 2 2' 
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5.3.1.1  Procedure 

1) Allow the signal generator and measuring instrument to warm  up as specified by the manufac- 
turer of the equipment. Call the signal at the generator output V,, which  is  held constant 
throughout the measurement. 

2) At the selected distance and  frequency,  which is entered in Figure B. 1  (Annex B), connect the 
antennas (antennas 1 and  2)  via cables to their respective signal source (transmitting antenna) 
and measurement instrument (spectrum analyzer or radio noise meter) and adjust the height of 
the receiving antenna for the maximum  received signal. Adjust the substitution attenuator for 
reference indication on the measuring  instrument.  Record  these data as Vsik in Figure B . l .  

3) Disconnect the cables to  antennas  and connect the cables directly together. Adjust the substitu- 
tion attenuator to give the same reference indication as in step 2) and record the data as 
in Figure B. l .  

4) Find the difference in attenuation by subtracting “attenuation for antenna-to-antenna mode”  in 
step 2) from the “attenuation for direct connection  mode” in step 3) in Figure B . l  and record 
this as Al in Figure B.3. 

5)  Change the frequency  (see  Table 1 or Table  2)  and repeat steps 2) through 4). 
6) After  all frequencies are  used, steps 2) through 4) are repeated twice, once for each of the 

remaining antenna pairings (antennas 1 and 3, antennas 2 and 3) to get the values for A,  and A3, 
respectively. Enter the results  in Figure B.3. 

7) Convenient worksheets for carrying out  the  necessary calculations are given  in  Annex B. 
Figure B . l  is a data recording  and insertion loss calculation  worksheet, Figure B.2 is an exam- 
ple of the use of Figure B. l ,  Figure B.3 is the antenna factor calculation worksheet, and 
Figure B.4 is an example of Figure B.3. 

NOTE”The signal  generator  output  attenuator  may  be used in place of an external  substitution  attenuator in the  path 
between  the  generator  and  the  transmit  antenna. 

The values of EDmax listed in Table  1  were calculated for metal  ground  planes using K = 1, (T = (defined  in 
Annex  A). This table stops at 5 GHz because the type and length of cables becomes critical above 5 GHz. 
Also, height searching may  not  be  practical  above 5 GHz  because of cable considerations.Calibrate horn 
antennas each 500 MHz from lGHz through 12 GHz, each 1 GHz from 12 GHz through 18 GHz, and each 2 
GHz from 18 GHz through 40 GHz. 

5.3.2  Swept  frequency  method 

For the swept frequency method, measurements  using  broadband antennas may  be  made  using automatic 
measuring equipment having  a  peak  hold  (maximum  hold), storage capability, and a tracking generator.  In 
this method, both antenna height and  frequency are scanned or swept over the required ranges, except for 
horn antennas, which are used at a  fixed height of 2 m. 

NOTES 
1- The automatic measuring equipment may be computer controlled provided the software produces the same results as 
non-automated  measurements. 
2- Transient  events  may  add significant error to the  data;  therefore,  care  should  be taken to check for such effects. 

5.3.2.1  Procedure 

1) Allow  the signal generator and  measuring instrument to warm up and stabilize as specified  by 
the manufacturer of the equipment. Call the signal at the generator output VI, which  is held con- 
stant throughout the measurement. 

2) At the selected distance, connect the antennas (antennas 1 and 2) via cables to their respective 
signal source (transmitting antenna) and  measurement instrument (receiving antenna). Raise 
the receiving antenna on the  mast to the maximum height of the  scan range or fixed height as 
indicated in the appropriate Table l .  Use  fixed  heights  of 3 m for horn antennas in Table 2. 
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Set the instrument to sweep the desired frequency range. Ensure that the instrument is adjusted 
so that a similar signal up to 60 dB higher can  be displayed on the same amplitude scale. This 
will accommodate the level to be recorded in step 5). 
Slowly  lower the receiving antenna to the minimum height of the scan range as indicated in 
Table 1 for the appropriate site geometry. Store or record the maximum  received voltage dis- 
play Vsi, in dB @V). (The time it takes to lower  the antenna should  be much longer than the 
instrument sweep time.) 
Disconnect the cables from the antennas and reconnect the transmit and  receive cables with a 
straight-through adapter. Store or record  the resulting voltage display vdirect in dB (pV). 
At each frequency, subtract the voltage  measured  in step 4) from the voltage measured in step 
5) .  The result is the measured insertion loss over the range of frequencies used, which should be 
stored. 
Repeat steps 2) through 6 )  for each pair of antennas. 

6. Reference  Antenna Method (30 MHz to 1 GHz) 

The Reference Antenna Method (RAM) provides a method of antenna calibration based on the use of a 
dipole with a well-matched balun  whose construction is described in  6.2. This yields an antenna whose gain 
pattern and antenna factors are close to those predicted in  theory 

6.1 Calibration of other  antennas  using  the  reference  dipole  antenna 

The antenna factor of any other antenna may  be  derived by substitution against the reference dipole antenna. 
The geometry shown  in Figure 3 should be employed. The 10 m separation distance is employed to elimi- 
nate any significant antenna impedance variations  caused by antenna-to-antenna mutual impedance cou- 
pling. Antenna Al  can be any type of antenna, including the reference antenna. Its purpose is to generate a 
field for measurement at A2. Set it at 2.5 m to 4 m above the ground'  and  drive it with a signal generator. To 
calibrate the unknown antenna against the reference dipole antenna, first  measure signal strength with the 
reference antenna at A2. The antenna should be  between 2.5 m and 4 m above the ground. It is not important 
to position the antenna to a signal maximum,  but it is important to avoid the region around a null where read- 
ings will be changing rapidly with  the antenna position. Find a position  in the 2.5 m to 4 m range where sig- 
nal amplitude is varying  slowly  with height. After the signal strength is noted  with the reference dipole 
antenna, the antenna being calibrated should be substituted for the reference dipole, keeping the antenna to 
be calibrated at exactly the same height and position as was  the reference dipole. (Scanning the receiving 
antennas in height while recording the maximum  received  voltages  will facilitate the measurements, espe- 
cially at higher frequencies where many peaks and  nulls of  the  field are present.) 

The ratio between the two measurements of the generated  field strength is the difference (in dB) in the 
antenna factors between  the reference antenna and  the  unknown antenna. If a lower signal is measured with 
the unknown antenna, the difference (in dB) should be  added  to  the antenna factor of the reference antenna 
to obtain the antenna factor of the unknown  antenna. If the signal measured  with the unknown antenna is 
larger than that measured with the reference antenna, the difference should be subtracted from the antenna 
factor of the reference antenna to  obtain the antenna factor or the unknown antenna. Recommended fre- 
quency intervals are 5 MHz below 50 MHz, 10 MHz between 50 MHz and 100 MHz, 25 MHz from 
100 MHz to 200 MHz, 50 MHz from 200 MHz to 300 MHz, and 100 MHz from 300 MHz to 1000 MHz. 

The length of each element of the reference antenna and its antenna factors are tabulated versus frequency in 
Table 3. 

'A lower  transmitting  antenna  height, for example, 0.75 m may be  used  above  approximately 500 MHz in order to reduce the  number of 
field  strength peaks and nulls. 
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Figure 3-Geometry for calibrating  antennas  against  the  reference  antenna 

6.2 Description of the  reference  antenna 

The reference antenna is a tuned, half-wavelength-resonant dipole with  a series-parallel coaxial stub balun. 

A four-antenna set can be used to cover the measurement range of 30 MHz to 1000 MHz.  Physical construc- 
tion details of the balun, antenna housings,  and elements are shown in Figures E.l through E.9. (See also 
FCC Project 3235-16 [B4]; FCC Project 3235-33 [B5]; Roberts [BlO]; Roberts [B1 11.) The dimensions that 
are electrically critical are those that influence  the  balun series and  parallel stub construction. These dimen- 
sions are shown  in Figure E.l. The baluns  should be constructed from a  high quality RG-58N cable such as 
Belden 8240. 

After construction, a preliminary ohmic  check  should  be  performed. The resistance from the center conduc- 
tors to the shield should be very large, that is, an  open circuit. A  preliminary back-to-back balun test shall 
also be performed before  the  baluns are installed in their housings by using the test setup of Figure E. 10. The 
loss per balun in this test is one-half  of the total loss measured  and  should  be  between  0.2 dB and 0.5 dB per 
balun over its frequency range. 

A Voltage Standing Wave Ratio (VSWR) check  will  provide assurance of the performance of the assembled 
antennas. VSWR shall be measured with the antenna assembled and its elements tuned to resonance. The 
antenna shall be placed at least 4  m above the  ground,  higher  if possible, to minimize antenna-to-ground 
coupling, and its elements tuned to resonance, using  the  measurements  shown  in  Table  3. It is sufficient to 
check the VSWR of the antennas at frequencies in the low, middle,  and  high end of their frequency ranges. 
Below 100 MHz, the function of the baluns  may also be  checked by removing the elements, placing a 70 fi 
resistor across the terminals of the element mounting block,  and  measuring the VSWR of the terminated 
balun. 

NOlT-Make sure that the  reactance of the 70 R resistor  is  much  smaller than its resistance. 

Antenna factors for the reference antenna are  tabulated  in  Table  3  and  were  computed from Equation (9), the 
formula for the antenna factor of a lossless dipole. This shall be combined  with  an  averaged loss for the 
matching balun  of 0.5 dB (FCC Project 3235-16 [B4], FCC Project 3235-33 [B5]). 

AF = 20 log fM - 31.4 (9) 

where fM is in MHz. 

Experimental data (FCC Project 3235-33 [SS]) have  shown that the antenna-to-antenna variation to be 
expected due to construction tolerances is of the  order  of k0.3 dB. 
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Table &Length of each  element of the reference dipole  antenna 
for resonant  setting and antenna factor versus frequency 

Frequency AF Length of each antenna  element 
MHz dB(Um) measured  from  center of antenna 

Metrica English 

I 35 I 2.080 I 6 I 9-718 I -0.5 

I 40 I 1.803 I 5 I 11 1 0.6 

I 45 I 1.600 I 5 I 3 I 1.7 

I 50 I 1.438 I 4 I 8-518 I 2.6 

I 60 I 1.197 I 3 I 11-118 I 4.2 

I 70 I 1.026 I 3 I 4-318 I 5.5 

80 

7.7  7- 118 2  0.791  90 

6.7  11  2  0.889 

100 

10.2 11-118 1  0.589 1  20 

8.6 4- 118 2  0.714 

140 

12.7 5- 114 1 0.438 160 

11.5 7-518 1  0.500 

180 

14.6  1-718 1  0.352  200 

13.7 3-114 1  0.389 

250 

20.6  6-718 - O. 175 400 

18.1 9-114 - 0.235 300 

16.6  1  1-718 - 0.283 
~ ~~ 

I 500 22.6 5-518 - O. 143 

600 

25.5  4 - o. 102  700 

24.2 4-518 - 0.1  17 

I 800 I 0.089 I - I 3-112 I 26.7 

I 900 I 0.079 I - I 3-118 I 27.7 
~~~ 

I loo0 I 0.076 I - I 3 I 28.6 

'Antenna  designed in English units, but the values stated are computed metric values 
nearest  millimeter. 
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7. Equivalent  Capacitance  Substitution  Method 

The Equivalent  Capacitance Substitution Method  (ECSM) shall be used to calibrate rod  (monopole) anten- 
nas  from 9 kHz to 30 MHz. In this method,  a  dummy  antenna consisting of  a capacitor equal to the self- 
capacitance  of the rod or monopole is used in place  of the actual rod (see 2.4 of IEEE Std 291-1991). This 
dummy  antenna is fed by  a signal generator  and the output  from the coupler or base unit of the antenna is 
measured. For least uncertainty, the input voltage to the dummy  antenna is also measured. The antenna fac- 
tor in dB( Um) is given by Equation (10). The test configurations are shown in Figure 4. 

where 

VD is the measured  output  of the signal generator in  dB(pV) 
V, is  the measured  output of the coupler in  dB(pV) 

The factor 6.02 corrects for the effective height of the rod (see Annex D). For practical purposes  use 6.0 dB 
in the Equation (lo), above. 

NOTE-The effective height of the 1 .O4 m rod is 0.5 m. The value of the dummy antenna (capacitor) used with Equation 
(9) is 10 pF. This value  is  correct  for  the  1.04 m (41 in) rod or monopole  antennas  usually  used in EMC measurements. 
However, see Annex D to calculate the self-capacitance of rod antennas of unusual  dimensions. 

Tho procedures  may be used-one using  a signal generator  and  a radio-noise meter, the other using  a  net- 
work analyzer. The same  dummy  antenna (equivalent capacitance) is used  in  both procedures. (See  Annex D 
for guidance in making the dummy  antenna.)  The  measurements shall be made at a sufficient number of fre- 
quencies to obtain a smooth  curve of antenna factor vs.  frequency  over the operating  frequency  range of the 
antenna or 9 kHz to 30 MHz,  whichever is smaller. 

7.1 Radio-noise  meter  and  signal  generator  procedure 

1) Set  up the antenna to be calibrated and the test equipment as shown in Figure 4(a). 
2) With the equipment  connected as shown  and  a 50 !2 termination on the T-connector (A), mea- 

sure the received signal voltage VL in dB(pV)  at the signal output port (B). 
3) Leaving the RF output of the signal generator  unchanged, transfer the 50 a termination to the 

signal output port (B)  and transfer the receiver input cable to the T-connector  (A).  Measure the 
drive signal voltage VD in dB(pV). 

4) Subtract V, from V, and  add 6 dB to obtain the antenna factor (in dB) of the antenna. 

NCYTE”The signal generator does not have to be calibrated, but it shall be stable. The 50 LI termination shall have low 
VSWR. The  radio-noise  meter  shall be calibrated and have low VSWR. 

7.2 Network  analyzer  procedure 

1) Calibrate the network  analyzer  with the cables to be used in the measurements. 
2) Set up the antenna to be calibrated and the test equipment as shown  in  Figure 4(b). 
3) Subtract the signal level (in  dB) in the reference channel  from the signal level (in dB) in the test 

channel  and  add 6 dB to obtain the antenna factor (in dB) of the antenna. 

N0”Attenuator pads  are  not used with the network  analyzer  because the impedances  of the channels in the network 
analyzer  are very nearly 50 R and  any errors are corrected during calibration. Attenuator  pads may be  used if desired, but 
including them complicates the network  analyzer  calibration. 
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Coupling Unit of 
Antenna Under Test 

Generator 

Equivalent/ 

Port ‘i Ant. Signal 

Meter) 

Rod  Cap.* 

Receiver 
(Radio-Noise Signal 

u Rod I n p y -  

. T 
I 

] P (  ,,,J 

L 50 Q T-Connector (A) 

= 10 dB Attenuator  Pad *Also referred to as a Dummy Antenna. 

NOTES 
1-If VSWR of receiver or signal  generator is low,  pads  may  not  be  needed or may  be reduced to 6 dB or 3 dB. 
2-The T-connector may  be  built into  the  dummy  antenna. 
3-The dummy  antenna  may  incorporate  other  matching  components  to  control VSWR at its input  and  signal  generator 
level  measuring  ports. 

(a)  Method  using  receiver  (radio-noise  meter)  and  signal  generator 

Reference 

Oscillator  Channel  (Output) Network Analyzer Channel 

50 C2 T-Connector (A) Test Channel 

Rod Input  Port J 
coupling Unit of Antenna Y 4 

Under  Test Equivalent Rod  Cap.* 

Antenna Signal 
output  Port (B) *Also referred  to as a Dummy Antenna. 

NOTES 
1-Attenuator  pads  not  used  with  network  analyzer.  Place  T-connector as close to dummy  antenna  port as possible. Use 
same  length and type of  cables  between  T-connector  and  reference  channel  input  and  antenna  signal  output  port  and test 
channel. 
2-The T-connector may  be  built  into the dummy  antenna. 
3-The dummy  antenna may incorporate  other  matching  components to control VSWR at its reference  channel and 
oscillator  channel  ports. 

(b) Method  using  network  analyzer 

Figure  4-Measurement  of  rod  (monopole)  antenna  factor 
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Maximum  received  field 

For Table 1: 

The following expressions for EDmax are  derived in Smith [B12]. Refer to Figure A.l for the  geometry. 

For horizontal polarization, EDmror is given  by 

maximized over the interval hzmin I h2 I hzrnax, 

where 

dl = [R2 + (hl - h2)2]1’2 

dz = [R2 + (hl - h2)2]’/2 

sin y- (K - j60ho - cos2y) i$h 

sin y + ( K  - j6001Lo - cos y) 

K is the relative dielectric constant 

(T is the conductivity, siemens per meter  (S/m) 

y is the grazing angle (see Figure A. 1) 

@ is the phase angle of reflection  coefficient 

1 /2 

Ph = 2 1/2= l p h l e  

ß = 2nA 
h is the wavelength, meters 

Equation (A. 1) is the maximum  value  over the receiving antenna height scan range ~ m z n ,  h2- of the space 
wave fields radiated by a  half-wave dipole antenna emitting one picowatt  of radiated power. The transmitting 
dipole and the receiving antenna are spaced  a distance R apart, and the transmitting dipole is at height hl .  

For Table 2: 

For horn antennas where the ground reflection is non-existent or is  not  picked  up  by the antenna being cali- 
brated, ph + O and 

EDmax = 10 log 49.2 - 20 log R = 16.9 - 20 log R, &(pV/m) (-4.2) 
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RECEIVE 
ANTENNA 

/ 

Figure  A.l-Insertion loss measurement  setup  dipole  and  log-periodic  antennas 

Ant. 1 Ant. 2 

( n  R ) 

h 
Signal Radio-Noise 

Generator Meter 

. . . . . . . . . . . . . . . . . . . . . . . .  
V 

Ground Plane 

Figure  A.2-Insertion loss measurement  setup  horn  antennas 
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The discrete frequency method  may  be  performed  using  a  worksheet approach. The simple worksheets (1) 
order the site attenuation measurements, and (2) direct the application of the simultaneous equations. Refer 
to Figure 2 for the measurement geometry. 

Figures B.l and B.3 contain the recommended  worksheets for making the necessary measurements and cal- 
culations for determining the antenna factors. The worksheet in Figure B . l  is filled out for illustrative pur- 
poses for each pairing of antennas (Figure  B.2).  Then the data are extracted from these worksheets to fill  out 
the worksheet in Figure B.3. The computations in this  worksheet  provide the antenna factors for each of  the 
three antenna pairs. The following is an example for using the worksheets. 

Three biconical dipole antennas are to be  calibrated. For the purpose of the example, data are shown at only 
one frequency. The usual calibration would be carried out at the number  of frequencies indicated in  Table 1 
(Table  2 for horn antennas at 1 GHz and  higher). The results are shown in Figure B.4. (The antennas could 
have  been  any three different types in their suitable frequency range; e.g.,  a  biconical dipole, a  half  wave- 
length resonant dipole, and  a  broadband dipole could have  been used.) 

Steps (Substitution Method): 

Test Setup Data 

Frequency v ~ )  30 MHz 

Spacing (R)  10 m 

Source Height (hl) 2  m 

Search Height (h2) 1-4 m 

1) The signal generator and measuring instrument are allowed  to  warm up and stabilize, and the 

2) A site attenuation measurement including height search for maximum signal strength is made 
through the antennas, and  the substitution attenuators are  adjusted for a reference indication on 
the measuring instrument. These data are then  recorded  on the worksheet of Figure B. 1. 

3) The antenna cables (each containing an in-line attenuator) are disconnected from the antennas 
and connected directly together. The substitution attenuators are adjusted to give the same ref- 
erence indication as in step 2), and the data are recorded on the  worksheet. 

4) The difference in attenuation is found by subtracting “attenuation for antenna-to-antenna 
mode” from the “attenuation for direct connection  mode”  and is recorded in the “difference” 
column on the worksheet. 

substitution attenuators are inserted. 

5 )  Two more sets of measurements  are  then  made, one for each of the remaining antenna pairings, 
and a Figure B.l worksheet  is  filled  out for each (see Figure B.2). 

6)  The numbers from the “difference”  columns  of each of the Figure B.  1  worksheets are extracted 
and entered in the appropriate columns of the Figure B.3 worksheet (see Figure B.4), and the 
remaining steps indicated in the columns are performed to find  the three antenna factors. The 
values  of column E are  obtained from Table  1  (Table  2 for horn antennas at 1 GHz and higher). 
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Annex C 

(informative) 

The  reference  antenna 

The reference antenna is a tuned, half-wavelength-resonant dipole with  a series-parallel coaxial stub balun. 
Figure C.l(a) shows the balun structure in a pictorial way. The equivalent circuit, shown  in Figure C.l(b), 
shows the impedances seen at the feedpoint to the balun. The shorted balanced line and the open coaxial sec- 
tions appear in parallel and series with the load, respectively. The parallel section forces the load to be fed in 
a balanced manner. Although the use of a parallel shorted stub alone will affect a balanced to unbalanced 
transformation, it provides a  useful match only  over  the  narrow range where the stub presents a high imped- 
ance. The combined action of the series open stub and  parallel  shorted stub extends the range of approximate 
match. The two matching stubs are one-quarter of an electrical wavelength at the center of the frequency 
band  in  which the balun is intended to operate. At the center of this  band,  where both stubs are resonant, the 
series coaxial-line open stub looks like a short circuit, while the parallel balanced-line shorted stub looks 
like an open circuit. Equations for the stub impedance are 

- For a series stub, 

Z, = jZo cot 8, 

- For a parallel stub, 

Z,  = jZo tan 8, 

where 

e,, 8, are the electrical length of series and parallel stubs respectively, and 

Z,, Zp are the coaxial and balanced line characteristic impedance, respectively. 

Figure C.l (c) shows how compensation occurs. Assume that the electrical angle is slightly above 90°, corre- 
sponding to a frequency slightly above stub resonance. The lag introduced by 2, is nearly canceled by the 
lead produced by Z,. At frequencies below resonance the roles of the stubs are reversed, as shown in 
Figure C.l (c). It is shown  in FCC Project 3235-33 [B51 that a  nearly perfect match exists when Equation 
(C.3) is satisfied, and that a VSWR of under  1.5: 1 can be expected over  a frequency range of nearly 3: l. 

where 

Z, is the characteristic impedance of the coaxial line, and 

R,  is the radiation resistance of the resonant antenna. 
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Figure  C.l-Reference  antenna  balun  construction,  equivalent  circuit, 
and  explanation of compensation  mechanism 
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Rod (Monopole)  performance  equations 

The following equations may be used to determine the effective height and the self-capacitance of rod or 
monopole antennas of unusual dimensions. For these equations to hold, the rod shall be shorter than U4. 

h %h h, = -tan- 27r rrn 

where: 

h, is the effective height of the antenna, m 
h is the actual length of the rod element, m 
a is the average radius of the rod element, m 
3L is the wavelength, m 

D.l Dummy antenna  considerations 

The capacitor used as the equivalent capacitance in the dummy antenna should be mounted in a small metal 
box or on a small metal frame. The leads shall be kept as short as possible and kept close to the surface of the 
metal box or frame. A spacing of 5 mm to 10 mm is suggested. Figure D. 1 shows an example. 

The T-connector  used in the antenna factor measurement setup may  be  built into the dummy antenna box. 
Also, a resistor network to provide matching to the generator and the RF voltmeter  (receiver) may be built 
into the dummy antenna box. 

\ 
Connector,  e.g.,  BNC  Capacitor  Leads  L  (both  ends) 

Connector to mate  with 
rod  input  port 

C: 10 pF 5 %, Silver  Mica.  Metal  mounting  frame 

S: Lead  Spacing, 5 to 10 mm (10 mm from all surfaces  if  enclosed in box). 

L: Lead  length, as short as possible  but  not  greater  than 12 mm. 
(Total lead  length  not  greater  than 40 mm including  both  capacitor 
leads  and  length of rod  port  connector.) 

Figure  D.1-Example of mounting of capacitor  in  dummy  antenna 

i 
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CENTER  CONDUCTOR  CUT 
BY  DRILLED  HOLE.  DISCARD 
CENTER  CONDUCTOR TO RIGHT 

VERY  SHORT  LEAD TO DIPOLE  ROD F HOLE 

BARE WlRE  WRAPPED AND 
SOLDERED  TO  SHIELDS. 

RE WIRES  SOLDERED 

1 / 2  BETWEEN LACES. 

FREOUENCY  RANGE  LENGTH  C  LENGTH  D 
(MHz) (in) lin) 

20-65 43.3  43.3 
65-  180 14.2  16.25 

1 8 0 - 4 0 0  6.125  7.5 
400-1000 2.7 3.0 

Figure E.l-Reference antenna balun dimensions 
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TO  ACCEPT 318-1 6 THREAD 

1 

SEE INSERT FOR DETAIL. 

N 
PHENOLIC  TUBE 

.875 OD 
,625 ID MOUNTING 

BAKELITE  BLOCK BUD ALUMINUM I 

UG-909/U 
CONNECTOR 

END OF BALUN 
ROLLED UP 
INSIDE OF BOX 

["J GLUE PLUG IN HOLE 

Figure E.2-20 MHz - 65 MHz  reference  dipole  assembly 

APP 1a-1/2'* r 

TO  ACCEPT 3/8-16 THREAD 

UG-909/U 
\ 

SEE  INSERT FOR DETAIL (112'' PLUMBING  CAP) \ I 
BALUN  END U - 

" 
" 

" 

SETSCREW 

I PHENOLIC  TUBE 
.B75 OD B 

CW-l23/U 

BARE  WIRE 

W 

RG-53/U 

Figure E.3-65 MHz -180 MHz  and 180 MHz - 400 MHz 
reference  dipole  assembly 
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APP 1 8  
n 

1 

t 

(1/2” PLUMBING  CAP) 
BALUN  END  CAP 

t 
& cw-123/u 

BARE WIRE’ 

Figure E.4400 MHz -1000 MHz  reference  dipole  assembly 

,I k 1 / 6  

DRILL ,206” 

CLEAR THROUGH. 

MATERIAL-NYLON 

k 5 / 1 6 ”  

DRILL 

Figure  ES-Dipole  rod  holder, 400 MHz -1000 MHz 
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/ 
THREAD RELIEF 

/ 375-1 6 THREAD 

REF 

OFT SOLDER 

' PART NO. W3H 
RUSSELL INDUSTRIES 

ASSEMBLY  (BUSHING  AND  ANTENNA) 

NOTES 
l .  MATERIAL:  FREE  MACHINING 

BRASS .437" DIA 
2. TOLERANCES:  EXCEPT  AS  NOTED 

2 PLACE * .O lm 
3 PLACE f .005" 

Figure E.6-Antenna rods, 65 MHz-1 80 MHz 

NOTES 

2. POLISH  SURFACE 
3.  TOLERANCES:  EXCEPT  AS  NOTED 

l. MATERIAL: .50" DIA.  6061  -T6  AL. 

2 PLACE * .01" 
3 PLACE f .005" 

Figure  E.7-Antenna  rod  extenders, 25 MHZ-65 MHz 
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t"50-7 

,375-1 6" 
THREAD, 

.09" DIA f 
JL 103" 01" x 45 O 

NOTES + SOFT SOLDER 

'PART NO 43AR106 
MOUSER ELECTRONICS 

1. MATERIAL: FREE MACHINING 

2. TOLERANCES:  EXCEPT AS NOTED 
BRASS .375" DIA 

2 PLACE f . O 2  

ASSEMBLY  (BUSHING  AND  ANTENNA) 

Figure  E.&-Antenna  rods,  180 MHz400 MHz 

f .060 * Oo5" 

1 

l .  . o 9 4  
f .02" 

Figure E.9-Antenna  rods, 400 MHz-1 O00 MHz 

7 

RECEIVER 

NOTE"A11  cabling and instrumentation are 50 !2 impedance.  Use  shortest  possible  connections  between balms. 

Figure  E.10-Preassembly  balun loss check 
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